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Abstract
Summary We investigated longitudinal changes in tibia bone strength in master power (jumping and sprinting) and endurance
(distance) athletes of both sexes. Bone mass but not cross-sectional moment of inertia was better maintained in power than
endurance athletes over time, particularly in men and independent of changes in performance.
Objective Assessment of effects of sex and athletic discipline (lower limb power events, e.g. sprint running and jumping versus
endurance running events) on longitudinal changes in bone strength in masters athletes.
Methods We examined tibia and fibula bone properties at distal (4% distal-proximal tibia length) and proximal (66% length) sites
using peripheral quantitative computed tomography (pQCT) in seventy-one track and field masters athletes (30 male, 41 female,
age at baseline 57.0 ± 12.2 years) in a longitudinal cohort study that included at least two testing sessions over a mean period of
4.2 ± 3.1 years. Effects of time, as well as time × sex and time × discipline interactions on bone parameters and calf muscle cross-
sectional area (CSA), were examined.
Results Effects of time were sex and discipline-dependent, even following adjustment for enrolment age, sex and changes in
muscle CSA and athletic performance.Male sex and participation in power events was associatedwith better maintenance of tibia
bone mineral content (BMC, an indicator of bone compressive strength) at 4% and 66% sites. In contrast, there was no strong
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evidence of sex or discipline effects on cross-sectional moment of inertia (CSMI, an indicator of bone bending and torsional
strength—P > 0.3 for interactions). Similar sex and discipline-specific changes were also observed in the fibula.
Conclusions Results suggest that male athletes and those participating in lower limb power-based rather than endurance-based
disciplines have better maintenance of bone compressive but not bending and torsional strength.
Keywords Exercise . Ageing . Biomechanics . Bone geometry . Osteoporosis
Introduction
Bone mass decreases with age [1], contributing to increased
fracture risk in older age [2]. An important contributor to this
is reduced physical activity in middle and older ages [3, 4],
particularly vigorous activities known to be osteogenic [5, 6].
Masters athletes continue to train and compete in athletics and
thereby perform high levels of vigorous activity in old age.
Cross-sectional studies show that they have greater bone
mass, size and strength than less active age-matched peers
[7–12]. These advantages are greater in lower limb power
athletes (jumpers and sprinters) than endurance athletes
[8–10, 12], but there are conflicting findings with regard to
sex-specific effects of exercise on bone [8, 10, 12]. Cross-
sectional studies also suggest that advantages in bone strength
decline uniformly in both sexes and across disciplines over
time despite continued regular participation in masters athlet-
ics [13, 14]. However, no studies have prospectively exam-
ined bone changes in masters athletes of different athletic dis-
ciplines over time. Therefore, we examined longitudinal
changes in tibia and fibula bone outcomes in a cohort of
international-standard power and endurance athletes of both
sexes using peripheral quantitative computed tomography
(pQCT). Primarily, we examined changes in bone mineral
content (BMC, an indicator of bone compressive strength)
and cross-sectional moment of inertia (CSMI, an indicator of
bone bending and torsional strength). In particular, we
assessed whether changes in bone strength were sex and/or
discipline-specific.
Methods
Eighty-six athletes in total were scanned at multiple
timepoints, but fifteen were removed from analysis due to
missing data. Therefore, seventy-one track and field masters
athletes (aged 37–85 years) were included in this study
(Table 1). Competing athletes were recruited at World,
European and British Masters Athletic Championships be-
tween 2004 and 2014 (Supplementary Table 1). Recruitment
targeted athletes who ranked highest in previous competitions
or who had qualified for semi-finals or finals at the current
event, and their mean age-graded performance was 85 ± 8%
(where > 80% indicates national-class performance and >
90% world-class performance). Athletes were classified into
two different event categories, depending on their self-rated
best discipline as power (100/200/400 m, long/high/triple
jump, pole vault) or endurance (800 m to marathon) athletes.
Self-rated best discipline has previously been shown to be a
valid indicator of individual athletic specialisation, showing
95% concordance with age-graded performances [12]. These
athletes typically focus on one event, with the exception that
one sprinter occasionally competed at 800 m and two distance
runners occasionally competed in 400 m or sprint relay. With
the exception of three pole vaulters, all jumpers also competed
in sprint running but not distance running events. Baseline
measures were taken between 2004 and 2008, with follow-
up measures taken between 2005 and 2014.
Exclusion criteria were pregnancy andmusculoskeletal dis-
orders known to affect the bones. Participants gave written
informed consent before inclusion into the study, which had
been approved by the Manchester Metropolitan University
Department of Exercise and Sport Sciences Ethics
Committee (approval number 2003/12/08). The British,
European and World Master Athletics associations have been
continuously involved with the design of the study. This was
accomplished by discussions with both the associations and
the athletes themselves and by providing feedback and invit-
ing comment on completed studies.
Questionnaires were completed to assess sex and age. At
each testing session, athletes were also asked to record the
number of training hours per week, and women were asked
for their menopausal state, age at menopause (if appropriate)
and current and previous use of hormone-replacement thera-
py. Athletic performances (best time or jump/vault in the self-
selected best event) during each championship were age-
graded using the World Masters Athletes age-grading factors
and the Age-Graded Performance (AGP) calculator available
at http://www.howardgrubb.co.uk/athletics/wmalookup15.
html, which expresses performances as a percentage relative
to the age-specific world record.
Tomographic scans of the tibia and fibula were obtained
with two XCT2000 and one XCT3000 scanners (STRATEC
Medizintechnik GmbH, Pforzheim, Germany). Images were
analysed with the integrated software version 6.00D. Cross-
calibration was performed using the European Forearm
Phantom, and images from the XCT2000 scanners were
recalibrated according to derived equations, which all had
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coefficients of variation (R2) above 99.99% indicating near-
perfect agreement. During the study, each scanner underwent
daily quality assessment with a manufacturer-supplied phan-
tom. Scans were obtained from the right side, unless a right-
limb fracture within the last 24 months was reported. Tibia
length was defined as the distance between medial knee-joint
cleft and medial malleolus. Cross-sectional images were ob-
tained at 4% and 66% distal-to-proximal tibia length after a
scout scan viewing the tibio-talar joint. A voxel size of 0.5 mm
in the transverse plane and of 2.4 mm in the longitudinal axis
was used. The epiphyseal and diaphyseal bone measures were
determined with segmentation thresholds of 180 mg/cm3 and
650 mg/cm3, respectively. Only the inner 45% of bone was
selected for analysis of trabecular bone at the 4% site, using
contour mode 1 and peeling mode 1. In addition, a region of
interest was manually drawn around the outside of the calf
muscle, but within the subcutaneous tissue layer, at the 66%
site, and a threshold of 35 mg/cm3 was used to segment mus-
cle and bone. Tibia and fibula total bone areas were subtracted
from the derived area to give gross muscle cross-sectional area
(CSA).
From the 4% site, total bone mineral content (BMC), total
bone CSA and trabecular bone mineral density (BMD) were
recorded. From the 66% site, total BMC, total bone CSA,
cortical bone CSA, cortical BMD, cortical thickness and polar
CSMI (indicating bone stiffness in torsion) were recorded.
In vivo precision of pQCT measurements of the laboratory
is described elsewhere and ranges between 0.2 and 0.5% for
tibial total BMC and total and cortical bone CSA and 1.7% for
CSMI [15, 16].
Statistical analyses were performed using the R statistical
environment (version 3.2.2, www.r-project.org). Baseline sex
differences in cohort characteristics and bone and muscle
outcomes were compared using one-way ANOVA.
Associations between age and muscle CSA and AGP were
assessed using single-factor linear regression. To examine
whether bone and muscle outcomes changed with time, linear
mixed-effect models were created with a particular bone/
muscle outcome as dependent variable, time as fixed effect
and participant as random effect. Inclusion of a random par-
ticipant effect allowed us to account for data clustering caused
by differences in number of observations and time between
observations. To investigate effects of sex and athletic disci-
pline on changes over time, time × sex and time × discipline
interactions were examined. Interaction terms were removed
where P > 0.2 on the basis of highest P value until minimal
models were obtained. Where interactions were identified
(P < 0.1 for interaction term), subsequent models were sex
and/or discipline-stratified. Where a sex interaction only was
identified, models were created for men and women separate-
ly, and where a discipline interaction was identified, models
were created for power and endurance athletes separately.
Table 1 Cohort characteristics, separated by sex and discipline. Follow-
up data indicate values at the final timepoint at which data were collected
for each individual. †Complete data only available in 48 individuals (13
male power, 11 male endurance, 14 female power, 10 female endurance).
AGP—age-graded performance, HRT—hormone replacement therapy
Variable Baseline Follow-up
Sex Males Females Males Females
Discipline Power Endurance Power Endurance Power Endurance Power Endurance
n 16 17 24 14
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Age (years) 65.1 13 60.2 11.9 53.5 10.7 54 10.5 68.8 13.4 65.1 11.8 57.2 11.8 58.7 11.9
Number of observations 2 13 10 22 11
3 2 3 0 4
4 1 1 1 1
5 0 0 1 1
Observation time (years) 3.7 2.6 5 3.3 3.7 2.7 4.7 3.6
Tibia length (mm) 384 24 378 17 358 17 354 23
Muscle CSA (mm2) 8522 1041 7970 783 7222 761 6943 890 8531 905 7758 782 7164 737 6889 812
AGP (%) 89 5.7 83.5 9.1 85.1 7.4 83.9 8 89.5 8.5 81 8.4 87.4 8.9 86.2 7.7
Training volume (h/week)† 6.8 1.9 9.6 5.7 7.6 3.2 9.6 4.7 6.5 2.4 6.7 2.8 7.3 3 7.3 3.2
Postmenopausal (yes/no) 13/11 10/4 14/10 10/4
Age at menopause (years) 52.6 2.4 46.8 7.1 52.1 3.1 46.8 7.1
HRT use (yes/no) Current 4 0 4 0
Years of use 6 3.4 – 12 1.4 –
Previous 2 2 2 2
Years of use 9.6 13.3 4.3 5.3 9.6 13.3 4.3 5.3
Never 18 12 18 12
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Where both sex and discipline interactions were observed,
four separate models were created separated by sex and disci-
pline. Model 1 was adjusted only for enrolment age, sex and
discipline; model 2 was additionally adjusted for muscle CSA
and AGP. Inclusion of quadratic terms was used to test for
deviation from linearity, but there was no evidence of non-
linearity. Assuming a medium effect size (partial η2 = 0.09)
and strong correlation between repeated measures (r = 0.75)
given the high precision of pQCT scanners, a sample size of
14 per group would give 80% power to assess within-between
factor interactions.
Results
Men and women were re-scanned at a mean 4.3 ± 3.0 and 4.1
± 3.1 years after baseline, respectively; 80% of participants
were scanned twice, with the remainder scanned between 3
and 5 times (Table 1). Men were older than women, with a
longer tibia length and greater muscle CSA, whilst endurance
athletes had a greater weekly training volume than sprint ath-
letes. The number of observations, time between observations
and AGP were all comparable between sexes and disciplines
(all P > 0.05). There was no association between age and
muscle CSA or AGP for either sex at baseline. Whilst one
woman reached menopause during the follow-up period, there
were no changes in HRT use between timepoints. AGP in-
creased marginally in women (+ 1.6%) but decreased by a
small amount in men (− 2.1%) (both P < 0.05) over the study
period. Training volume decreased from 8.2 ± 4.0 h per week
to 7.0 ± 2.8 h per week (P = 0.02), but there were no effects of
sex or discipline, or time × sex or time × discipline interactions
(all P > 0.3).
At baseline, the majority of bone outcomes at all sites were
larger in men than women, with the exception of cortical
BMD at the proximal tibia which did not differ significantly
between sexes (P = 0.44; Table 2). Distal tibia total BMC and
CSA and proximal tibia total BMC, cortical CSA, cortical
thickness and CSMI were all greater in power than endurance
athletes (all P < 0.05). Distal fibula total BMC and proximal
fibula total BMC, total CSA, cortical CSA and CSMI were
greater in men whilst distal fibula total BMC, and proximal
fibula cortical thickness was greater in power than endurance
athletes.
There was little effect of additional adjustment in model 2
in the majority of parameters (Table 3; Supplementary
Table 3), therefore only the results of model 2 are presented.
Based on model 2, we also calculated the percentage change
per year for primary bone outcomes in the different groups
(see Fig. 1). Tibia bone mineral content (indicating compres-
sive bone strength) was better maintained in male and power
athletes at both sites (Table 3; Fig. 1). At the trabecular-rich
distal tibia site, this appears to result from better maintenance
of trabecular BMD in these groups, whereas increases in total
bone CSA were similar across sexes and disciplines
(Supplementary Table 3). At the predominately cortical prox-
imal tibia site, better maintenance of cortical BMD in males
and sprint athletes and lower cortical thinning in male athletes
appear to underly maintenance of total BMC in these groups.
In contrast, there was no clear evidence of sex or discipline-
specific changes in CSMI (indicating bending and torsional
strength) which increased with time across the cohort as a
whole. Muscle CSA decreased in men (change/year − 0.6%,
95% CI − 1.0 to − 0.2%) but was maintained in women
(− 0.2%, 95% CI − 0.5 to 0.2%).
Distal and proximal fibula BMC bone losses were lower in
male than female athletes (Supplementary Table 4). At prox-
imal fibula, this appears to result from better maintenance of
cortical CSA and BMD. Proximal BMC loss was lower in
power than endurance athletes (Supplementary Table 4), as a
result of better maintenance of cortical BMD. Decreases in
proximal fibula CSMI were similar between sexes and disci-
plines, as were decreases in total bone CSA (Supplementary
Table 4).
Training volume data at baseline and follow-up was avail-
able in 48 participants, with 69 participants having partial
data. Training volume was not independently associated with
any bone parameter, and additional adjustment of model 2 for
training volume did not affect observed associations. In addi-
tion, further adjustment for menopause and HRT use in wom-
en did not substantially influence results. Rapid perimeno-
pausal bone loss occurs from around 2–3 year pre-
menopause until 3–4 years postmenopause [17], therefore in
additional analyses we removed 9 perimenopausal women (6
power athletes, 3 endurance athletes) within 5 years of meno-
pause at any timepoint. This resulted in attenuation of sex ×
time interactions for distal tibia BMC and BMD and distal
fibula BMC (Supplementary Table 4), although sex interac-
tions for the proximal tibia and fibula outcomes were still
evident.
Discussion
In this study, we observed sex- and discipline-specific chang-
es; tibia bone compressive strength (indicated by BMC) was
better maintained in male and power athletes. At the
trabecular-rich distal tibia site, these differences were ex-
plained by better maintenance of trabecular BMD, whilst tibia
bone CSA increased with time independently of sex and dis-
cipline at a greater rate than previously observed in non-ath-
letes. At the cortical proximal site, better maintenance of BMC
in male and power athletes resulted from absence of cortical
BMD losses and a lower level of cortical thinning in males. In
contrast, changes in tibia bending and compressive strength
(indicated by CSMI) were similar in athletes of both sexes and
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disciplines. A similar pattern of sex- and discipline-specific
changes occurred in the fibula, with the exception that total
bone CSA and CSMI decreased similarly over time in all
groups. Changes in bone traits were independent of changes
in muscle CSA and athletic performance. These data suggest
that bone mass is better preserved in male than female athletes
and that power training is better for maintenance of bone mass
than endurance training in older age.
Comparison with previous findings
This is the first study to examine longitudinal changes in de-
tailed bone characteristics of masters athletes using pQCT,
which has greater precision and allows more detailed assess-
ment of bone characteristics than DXA. Previous cross-
sectional pQCT studies of masters athletes [13] and tennis
players [14] found that bone strength advantages attributable
to exercise were smaller in older than younger individuals.
The virtual absence of tibial bone losses found for male
sprinters in the present study was not picked up by these
previous cross-sectional studies which suggested similar de-
creases in athletes regardless of sex or discipline. This re-
emphasises the necessity of longitudinal studies before draw-
ing conclusions based on cross-sectional data alone. The
within-individual assessment of bone changes in this study
increased our ability to detect sex and discipline-specific ef-
fects. Female athletes of both disciplines had greater rates of
bone loss than men in agreement with longitudinal pQCT
studies of non-athletic individuals [18]. The only other longi-
tudinal studies on bone in masters athletes of both sexes sug-
gest that bone loss was either absent in both sexes [19, 20] or
was broadly similar [13]. Our study differed from those pre-
viously by the much wider age range covered, by inclusion of
power athletes and by the use of pQCT, all of which explains
why the apparently positive effect of sprinting and jumping
has gone unnoticed so far. Our study agrees with the previous
DXA-based study [19] in finding no effects of HRT on bone
parameters in female athletes. Moreover, calf muscle CSA
decreased in men but not in women, in contrast to findings
of age-related declines in both sexes in a previous cross-
sectional pQCT study of non-athletes [21].
Although non-athletic controls were not recruited in this
study, there are large cross-sectional [1] and longitudinal
[18] population studies at hand that can be used. The most
direct comparisons can be made with the work by Lauretani
and colleagues [18]. They also examined proximal tibia prop-
erties at the 4% and 38% site (rather than 66% site used in this
study), whilst Riggs and colleagues [1] examined bone at a
fixed distance from tibia end equivalent to ~6–8% tibia length.
In addition, in a previous cross-sectional masters athlete study,
we examined associations between age and tibia bone out-
comes at 4% and 38% tibia length using similar analyses.
For women and male endurance runners, the age effects onTa
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bone observed within the present study are comparable with
longitudinal studies by Lauretani et al. [18] and cross-
sectional study by Riggs et al. [1], as well as our previous
cross-sectional study (Fig. 2). However, preservation or pos-
sible increases with age in distal tibia total BMC and trabec-
ular BMD were unique to male power athletes from the pres-
ent study. In addition, trabecular BMD of male power athletes
in the current study was better maintained than previously
reported from cross-sectional studies, although rates of trabec-
ular BMD decline in female sprinters and in endurance ath-
letes of both sexes were similar. It is also noteworthy that rates
of distal tibia total BMC loss in male endurance runners, tra-
becular BMD in female endurance runners and proximal tibia
cortical CSA in females were higher than sex-matched values
previously reported for non-athletic cohorts. In addition, the
rates of total bone CSA increase at 4% and 66% sites in wom-
en were greater than those observed previously [1, 18].
Potential mechanisms of findings
Female athletes had a markedly greater rate of bone mass
decline than male athletes, when compared to differences ob-
served in non-athletic individuals [18]. Given that most
female athletes were postmenopausal this could relate to the
effects of oestrogen on mechanical sensitivity of bone
[22–24]. It has been shown that greater total bone CSA is
associated with greater rates of bone mass loss [25]; therefore,
rapid bone CSA increases in female athletes may contribute.
These bone CSA increases may result from lower levels of
oestrogen (known to suppress periosteal apposition [24]) in
female athletes than non-athletes [26]. Female athletes conse-
quently have larger bones than non-athletes even at unloaded
sites [12, 27]; therefore, hormonal effects of exercise may
influence longitudinal bone health changes. Only nine female
athletes were within 5 years of menopause at any study
timepoint, and removal of these individuals from analysis re-
sulted in attenuation of sex interactions at distal but not prox-
imal tibia and fibula. This suggests that sex-specific findings
that we have reported in the shaft are not simply a result of
changes relating to menopause.
Bone losses were greater in endurance than power athletes,
despite a similar AGP and even greater training hours in the
former. Endurance masters athletes complete more lower-
impact physical activity than power athletes [8]. There is some
evidence that this less vigorous activity has negative effects on
bone strength [5, 8] potentially by reducing bone
Table 3 Associations between time since initial observation and
primary tibia bone outcomes. Where a time × sex or time × discipline
interaction was observed (P < 0.1), analyses were performed separately
for sex and/or discipline. Model 1 was adjusted for enrolment age, time,
sex and discipline (except in sex/discipline-stratified analyses), andmodel
2 was additionally adjusted for muscle CSA and AGP. RC—regression
coefficient, MP—male power, ME—male endurance, FP—female
power, FE—female endurance, M—male, F—female
Site Variable Group Model 1 Model 2
RC 95% CI P Time × sex Time × disc RC 95% CI P Time × sex Time × disc
4% Total BMC MP 1.54 − 0.18 3.26 0.096 0.005 0.09 1.97 0.14 3.81 0.050 0.021 0.047
ME − 1.53 − 2.14 − 0.93 0.000 − 2.64 − 3.79 − 1.49 0.000
FP − 2.42 − 3.99 − 0.85 0.005 − 1.91 − 3.83 0.01 0.062
FE − 2.06 − 3.03 − 1.09 0.000 − 1.88 − 2.93 − 0.83 0.002
66% Total BMC MP 2.87 0.73 5.01 0.017 0.001 0.005 2.83 0.43 5.22 0.033 0.002 0.008
ME − 1.65 − 2.92 − 0.38 0.020 − 2.76 − 4.97 − 0.56 0.026
FP − 2.06 − 3.89 − 0.23 0.035 − 2.44 − 4.65 − 0.23 0.040
FE − 2.95 − 4.20 − 1.70 0.000 − 3.03 − 4.44 − 1.61 0.000
CSMI 157 − 17 332 0.080 0.4 0.705 208 30 385 0.024 0.3 0.492
Fig. 1 Percentage changes per year in primary tibia bone outcomes over
the study period, calculated from regression coefficients following
adjustment for enrolment age, sex, muscle CSA and AGP (model 2).
Data points represent estimated mean value; error bars indicate 95%
confidence intervals of the estimate. MP—male power, ME—male en-
durance, FP—female power, FE—female endurance
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mechanosensitivity [28], which may explain discipline-
specific effects observed in this study. In addition, declines
in running speed are greater in endurance than sprint runners
[29]; therefore, despite little change in AGP, mechanical load-
ing may decrease more in endurance than sprint athletes with
time. Alternatively, it has been proposed that calcium loss
through excessive sweating during prolonged endurance ex-
ercise could contribute to bone loss [30]. Although nutrition is
also an important determinant of exercise efficacy and may
have contributed to discipline-specific findings in this study,
this is unlikely. However, little is currently known about the
diets of elite masters athletes in different disciplines [31] and
this information was not collected in the current study. As the
greatest stressor of bone, changes in muscular output could
contribute to discipline and sex-specific patterns of bone
change. Muscle CSA decreases were greater in men than
women, but similar between disciplines, and additional adjust-
ment for muscle CSA did not attenuate sex × time or discipline
× time interactions for the age-related changes in the bone.
Whilst muscle CSA is only an indicator of muscle output,
previous studies of masters athletes found similar declines in
muscle output (jumping power) in athletes of both sexes
across athletic disciplines [32], and muscle power seems ben-
eficial for bone strength [33, 34].
Relatively little is known about fibula changes with exer-
cise and ageing. Fibula bone strength of power and endurance
athletes appears similar or lower than controls [35–37], in
contrast to large advantages observed in the tibia [12, 35].
The age-related decrease in fibula bone CSA is striking and
contrary to increased size usually observed in long bones with
age [18, 38]. However, the only previous cross-sectional study
we are aware of which examined fibula ageing found lower
fibula CSA in older individuals [35]. There is precedent for
observations of decreasing long bone CSA, which occurs dur-
ing development to maintain joint shape [39], and has also
been observed in the tibia in longitudinal studies of the very
old [18].
Strengths and limitations
One of the strengths of this study was the relatively large
number of highly-competitive masters athletes of both sexes
who were examined longitudinally for changes in bone health.
It would be difficult to motivate study participants of exercise
intervention trials to train with the same vigour with which
masters athletes train and compete. In that sense, our study
provides a unique insight into the potential for osteogenic
effects of exercise at older age. Assessment of AGP showed
that participants maintained a high level of competitive per-
formance throughout the study period and adjustment for
AGP and reduced training volume did not explain study find-
ings. Although there may have been a selection bias, we feel
that the results of this study suggest that tibial bone mass is at
least maintained in male masters power athletes, although
losses were observed in females and endurance runners.
Thus, sprint running and hopping, as a plyometric type of
exercise, may offer bone benefits that cannot be achieved by
endurance running. Notably, this positive effect was indepen-
dent of muscle CSA. This observation in masters athletes is
supported by the fact that plyometric exercises are particularly
osteogenic in children [40] and that they are also a potent tool
to prevent bed rest-induced bone loss [41]. Moreover, recent
findings of a randomised controlled trial by Suominen et al
suggest that sprint and strength training can improve bone
health even in individuals already participating in high-
impact exercise [42]. Participant age and length of observation
varied substantially within our cohort, which may have influ-
enced results. However, we found no evidence of non-linear
changes in the bone with time and adjusted for group differ-
ences in enrolment age. In addition, our study design involved
complex interactions of sex, age and athletic discipline which
may be difficult to unpick, although the consistency and sta-
tistical strength of the sex and discipline interactions we ob-
served across multiple bones and sites is reassuring. We
grouped athletes by discipline using a binary classification
Fig. 2 Comparison of age-related
changes observed in this study
with previous cross-sectional
(Riggs et al. [1]) and longitudinal
(Lauretani et al. [18] and
Lauretani et al. [21]) studies in
non-athletic individuals [1, 18,
21] and a cross-sectional study of
masters athletes (Wilks et al.
[13]). Figure legend includes
study details and location of tibia
sites examined
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(power/endurance) on the basis of self-selected best event,
which we have shown previously to be a highly-valid predic-
tor of performance [12]. This distinction has been shown to be
sensitive enough to detect group differences in the bone at
multiple sites [8]. Whilst many athletes compete in multiple
events, detailed examination of event participation showed
that the vast majority of power and endurance athletes only
competed in one discipline of events. Any minimal overlap
between the two is likely to impair our ability to detect group
differences rather than introduce spurious findings. Related to
this, we included both sprint and jump athletes in the power
discipline which have different movements. However, our
previous findings of similar bone strength between sprint
and jump athletes [43] as well as muscle function (unpub-
lished data in preparation) suggest that these events have sim-
ilar effects on bone. In addition, almost all jumpers also par-
ticipated in sprint running events whilst the three pole vaulters
who did not participate already have a phase of sprinting as
part of their event. As with any observational study, our find-
ings may be influenced by more detailed training or other
characteristics not measured and replication in an interven-
tional model is required. This would also address the question
of how bone changes in athletes relate to those in non-athletic
individuals. Whilst we made some efforts to compare our
results to those from previous similar cross-sectional and lon-
gitudinal studies, we recognise that the lack of a defined con-
trol group limits our ability to generalise our findings to a
wider population. Finally, the inclusion of perimenopausal
women may have influenced our results due to the substantial
bone changes occurring at this time. Sensitivity analyses sug-
gested that similar results were observed in non-
perimenopausal women, but further studies investigating
menopausal interactions with exercise and bone are justified.
Conclusions
The question arises how the bone benefits of sprinting and
jumping could become accessible to a wider population.
Masters athletes continue to train at high intensity, which will
not be appealing or even possible for all older adults.
However, paradigms for old-age exercise already shifted from
endurance-type to strength-type exercises a few decades ago
[44], and the current trend seems to be going towards high-
intensity interval training (HIIT) [45, 46]. Including plyomet-
ric exercises into HIIT prescriptions seems quite feasible, and
it could be worthwhile if older people could thereby reap
benefits for their bones. In conclusion, bone mass is better
maintained in male than female masters athletes, whilst regu-
lar power-based training and competition in sprinting and
jumping is associated with better maintenance of bone mass,
but not bending or torsional strength, than endurance running.
Authors’ contributions Study design: JR; study conduct: JR, JP, AI, JM,
DW, KW; data collection: JR, DW, KW, AI, JC; data analysis: AI, JR;
data interpretation: AI, JR; drafting manuscript: AI, JR; revising manu-
script content and approving final version: all authors. AI takes responsi-
bility for the integrity of the data analysis.
Funding information This study was funded internally by Manchester
Metropolitan University.
Data availability Deidentified participant data are available upon reason-
able request from the first author.
Compliance with ethical standards
Participants gave written informed consent before inclusion into the
study, which had been approved by the Manchester Metropolitan
University Department of Exercise and Sport Sciences Ethics
Committee (approval number 08 December 2003).
Conflict of interest None.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
References
1. Riggs BL,Melton Iii LJ, Robb RA, Camp JJ, Atkinson EJ, Peterson
JM, Rouleau PA, McCollough CH, BouxseinML, Khosla S (2004)
Population-based study of age and sex differences in bone volumet-
ric density, size, geometry, and structure at different skeletal sites. J
Bone Miner Res 19:1945–1954
2. Schuit SC, van der Klift M, Weel AE, de Laet CE, Burger H,
Seeman E, Hofman A, Uitterlinden AG, van Leeuwen JP, Pols
HA (2004) Fracture incidence and association with bone mineral
density in elderly men and women: the Rotterdam Study. Bone 34:
195–202
3. Caspersen CJ, Pereira MA, Curran KM (2000) Changes in physical
activity patterns in the United States, by sex and cross-sectional age.
Med Sci Sports Exerc 32:1601–1609
4. Hannam K, Deere KC, Hartley A et al (2016) A novel
accelerometer-based method to describe day-to-day exposure to
potentially osteogenic vertical impacts in older adults: findings
from a multi-cohort study. Osteoporos Int 28:1001–1011
5. Hannam K, Deere KC, Hartley A, Al-Sari UA, Clark EM, Fraser
WD, Tobias JH (2017) Habitual levels of higher, but not medium or
low, impact physical activity are positively related to lower limb
bone strength in older women: findings from a population-based
study using accelerometers to classify impact magnitude.
Osteoporos Int 28:2813–2822
   87 Page 8 of 10 Arch Osteoporos           (2020) 15:87 
6. Johansson J, Nordström A, Nordström P (2015) Objectively mea-
sured physical activity is associated with parameters of bone in 70-
year-old men and women. Bone 81:72–79
7. Velez NF, Zhang A, Stone B, Perera S, Miller M, Greenspan SL
(2008) The effect of moderate impact exercise on skeletal integrity
in master athletes. Osteoporos Int 19:1457–1464
8. Piasecki J, McPhee JS, Hannam K, Deere KC, Elhakeem A,
Piasecki M, Degens H, Tobias JH, Ireland A (2018) Hip and spine
bone mineral density are greater in master sprinters, but not endur-
ance runners comparedwith non-athletic controls. Arch Osteoporos
13:72
9. Nowak A, Straburzynska-Lupa A, Kusy K, Zielinski J,
Felsenberg D, Rittweger J, Karolkiewicz J, Straburzynska-
Migaj E, Pilaczynska-Szczesniak L (2010) Bone mineral density
and bone turnover in male masters athletes aged 40-64. Aging
Male 13:133–141
10. Gast U, Belavy DL, Armbrecht G, Kusy K, Lexy H, Rawer R,
Rittweger J, Winwood K, Zielinski J, Felsenberg D (2013) Bone
density and neuromuscular function in older competitive athletes
depend on running distance. Osteoporos Int 24:2033–2042
11. Ireland A, Degens H, Ganse B, Maden-Wilkinson TM, Wilks D,
Rittweger J (2015) Greater tibial bone strength in male tennis
players than controls in the absence of greater muscle output. J
Orthop Transl 3:142–151
12. Wilks DC, Winwood K, Gilliver SF, Kwiet A, Chatfield M,
Michaelis I, Sun LW, Ferretti JL, Sargeant AJ, Felsenberg D,
Rittweger J (2009) Bone mass and geometry of the tibia and the
radius of master sprinters, middle and long distance runners, race-
walkers and sedentary control participants: a pQCT study. Bone 45:
91–97
13. Wilks DC,Winwood K, Gilliver SF, Kwiet A, Sun LW, Gutwasser
C, Ferretti JL, Sargeant AJ, Felsenberg D, Rittweger J (2009) Age-
dependency in bonemass and geometry: a pQCT study onmale and
female master sprinters, middle and long distance runners, race-
walkers and sedentary people. J Musculoskelet Neuronal Interact
9:236–246
14. Ireland A, Maden-Wilkinson T, Ganse B, Degens H, Rittweger J
(2014) Effects of age and starting age upon side asymmetry in the
arms of veteran tennis players: a cross-sectional study. Osteoporos
Int 25:1389–1400
15. Rittweger J, Beller G, Ehrig J, Jung C, Koch U, Ramolla J, Schmidt
F, Newitt D, Majumdar S, Schiessl H, Felsenberg D (2000) Bone-
muscle strength indices for the human lower leg. Bone 27:319–326
16. Rittweger J, Frost HM, Schiessl H, Ohshima H, Alkner B, Tesch P,
Felsenberg D (2005) Muscle atrophy and bone loss after 90 days’
bed rest and the effects of flywheel resistive exercise and
pamidronate: results from the LTBR study. Bone 36:1019–1029
17. Recker R, Lappe J, Davies K, Heaney R (2000) Characterization of
perimenopausal bone loss: a prospective study. J Bone Miner Res
15:1965–1973
18. Lauretani F, Bandinelli S, Griswold ME, Maggio M, Semba R,
Guralnik JM, Ferrucci L (2008) Longitudinal changes in BMD
and bone geometry in a population-based study. J Bone Miner
Res 23:400–408
19. Hawkins SA, Schroeder ET, Dreyer HC, Underwood S, Wiswell
RA (2003) Five-year maintenance of bone mineral density in wom-
en master runners. Med Sci Sports Exerc 35:137–144
20. Wiswell RA, Hawkins SA, Dreyer HC, Jaque SV (2002)
Maintenance of BMD in older male runners is independent of
changes in training volume or VO(2)peak. J Gerontol A Biol Sci
Med Sci 57:M203–M208
21. Lauretani F, Russo CR, Bandinelli S, Bartali B, Cavazzini C, Di
Iorio A, Corsi AM, Rantanen T, Guralnik JM, Ferrucci L (2003)
Age-associated changes in skeletal muscles and their effect on mo-
bility: an operational diagnosis of sarcopenia. J Appl Physiol (1985)
95:1851–1860
22. Jarvinen TL, Kannus P, Sievanen H (2003) Estrogen and bone–a
reproductive and locomotive perspective. J Bone Miner Res 18:
1921–1931
23. Schiessl H, Frost HM, Jee WS (1998) Estrogen and bone-muscle
strength and mass relationships. Bone 22:1–6
24. Saxon LK, Turner CH (2006) Low-dose estrogen treatment sup-
presses periosteal bone formation in response to mechanical load-
ing. Bone 39:1261–1267
25. Rittweger J, Goosey-Tolfrey VL, Cointry G, Ferretti JL (2010)
Structural analysis of the human tibia in menwith spinal cord injury
by tomographic (pQCT) serial scans. Bone 47:511–518
26. Ackerman KE, Nazem T, Chapko D, Russell M, Mendes N, Taylor
AP, Bouxsein ML, Misra M (2011) Bone microarchitecture is im-
paired in adolescent amenorrheic athletes compared with
eumenorrheic athletes and nonathletic controls. J Clin Endocrinol
Metab 96:3123–3133
27. Piasecki J, Ireland A, Piasecki M, Cameron J, McPhee JS, Degens
H (2018) The strength of weight-bearing bones is similar in amen-
orrheic and eumenorrheic elite long-distance runners Scand J Med
Sci Sports 28
28. Meakin LB, Delisser PJ, Galea GL, Lanyon LE, Price JS (2015)
Disuse rescues the age-impaired adaptive response to external load-
ing in mice. Osteoporos Int 26:2703–2708
29. Rittweger J, di Prampero PE, Maffulli N, Narici MV (2009) Sprint
and endurance power and ageing: an analysis of master athletic
world records. Proc Biol Sci 276:683–689
30. Barry DW, Hansen KC, van Pelt RE, Witten M, Wolfe P, Kohrt
WM (2011) Acute calcium ingestion attenuates exercise-induced
disruption of calcium homeostasis. Med Sci Sports Exerc 43:617–
623
31. Rosenbloom C, Bahns M (2006) What can we learn about diet and
physical activity from master athletes? Holist Nurs Pract 20:161–
166 quiz 167-168
32. Michaelis I, Kwiet A, Gast U, Boshof A, Antvorskov T, Jung T,
Rittweger J, Felsenberg D (2008) Decline of specific peak jumping
power with age in master runners. J Musculoskelet Neuronal
Interact 8:64–70
33. Korhonen MT, Heinonen A, Siekkinen J, Isolehto J, Alén M,
Kiviranta I, Suominen H (2012) Bone density, structure and
strength, and their determinants in aging sprint athletes. Med Sci
Sports Exerc 44:2340–2349
34. Hardcastle SA, Gregson CL, Rittweger J, Crabtree N, Ward K,
Tobias JH (2014) Jump power and force have distinct associations
with cortical bone parameters: findings from a population enriched
by individuals with high bone mass. J Clin Endocrinol Metab 99:
266–275
35. Rantalainen T, Duckham RL, Suominen H, Heinonen A, Alén M,
Korhonen MT (2014) Tibial and fibular mid-shaft bone traits in
young and older sprinters and non-athletic men. Calcif Tissue Int
95:132–140
36. Rittweger J, Ireland A, Lüscher S, Nocciolino LM, Pilot N, Pisani
L, Cointry GR, Ferretti JL, Capozza RF (2018) Fibula: the forgotten
bone-may it provide some insight on a wider scope for bone
mechanostat control? Curr Osteoporos Rep 16:775–778
37. Lüscher SH, Nocciolino LM, Pilot N, Pisani L, Ireland A,
Rittweger J, Ferretti JL, Cointry GR, Capozza RF (2019)
Differences in the cortical structure of the whole fibula and tibia
between long-distance runners and untrained controls. Toward a
wider conception of the biomechanical regulation of cortical bone
structure. Front Endocrinol (Lausanne) 10:833
38. Riggs BL, Melton LJ, Robb RA, Camp JJ, Atkinson EJ, McDaniel
L, Amin S, Rouleau PA, Khosla S (2008) A population-based as-
sessment of rates of bone loss at multiple skeletal sites: evidence for
substantial trabecular bone loss in young adult women and men. J
Bone Miner Res 23:205–214
Arch Osteoporos           (2020) 15:87 Page 9 of 10    87 
39. Rauch F (2012) The dynamics of bone structure development dur-
ing pubertal growth. J Musculoskelet Neuronal Interact 12:1–6
40. Fuchs RK, Bauer JJ, Snow CM (2001) Jumping improves hip and
lumbar spine bone mass in prepubescent children: a randomized
controlled trial. J Bone Miner Res 16:148–156
41. Kramer A, Gollhofer A, Armbrecht G, Felsenberg D, Gruber M
(2017) How to prevent the detrimental effects of two months of
bed-rest on muscle, bone and cardiovascular system: an RCT. Sci
Rep 7:13177
42. Suominen TH, Korhonen MT, Alén M, Heinonen A, Mero A,
Törmäkangas T, Suominen H (2017) Effects of a 20-week high-
intensity strength and sprint training program on tibial bone struc-
ture and strength in middle-aged and older male sprint athletes: a
randomized controlled trial. Osteoporos Int 28:2663–2673
43. Ireland A, Korhonen M, Heinonen A, Suominen H, Baur C,
Stevens S, Degens H, Rittweger J (2011) Side-to-side differences
in bone strength in master jumpers and sprinters. J Musculoskelet
Neuronal Interact 11:298–305
44. Fiatarone MA, O'Neill EF, Ryan ND, Clements KM, Solares GR,
NelsonME, Roberts SB, Kehayias JJ, Lipsitz LA, EvansWJ (1994)
Exercise training and nutritional supplementation for physical frail-
ty in very elderly people. N Engl J Med 330:1769–1775
45. Buchheit M, Laursen PB (2013) High-intensity interval training,
solutions to the programming puzzle. Part II: anaerobic energy,
neuromuscular load and practical applications. Sports Med 43:
927–954
46. Buchheit M, Laursen PB (2013) High-intensity interval training,
solutions to the programming puzzle: part I: cardiopulmonary em-
phasis. Sports Med 43:313–338
Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
   87 Page 10 of 10 Arch Osteoporos           (2020) 15:87 
